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A new triazole containing selenium was prepared by Huisgen 1,3-dipolar 
cycloaddition of alkyne and azide, known as the click reaction. Another two tetrazoles 
were synthesized by click reaction. Both compounds have the same structure, except 
the first compound is tetrazole bound to selenium, in the second compound to sulfur. 
Additionally, two more compounds contain the SeCN fragment and sulfur at the aromatic 
ring was prepared. 
The focus of this thesis is on the synthesis of new organic compounds containing 
chalcogens, specifically sulfur and selenium. Due to the presence of chalcogens in the 
structure, they are expected to show antioxidant, anticancer, antifungal or antibacterial 
effects or a combination thereof. 
A new triazole was synthesized and subsequently characterised by TLC, 1H-NMR, 
13C-NMR and MS. It is suitable for future testing of biological activity. Tetrazole contains 
sulfur was prepared. The final product is, however, unstable and prone to rapid 
degradation. Using the same reaction condition, tetrazole containing sulfur was not 
synthesized. Two compounds with SeCN fragment and sulfur at the aromatic ring were 
prepared. The final products were partially hydrolysed during purification 
and are therefore unsuitable for further biological testing. 
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Triazol obsahující selen byl připraven pomocí Huisgenovy 1,3-dipolární 
cykloadice alkenu a azidu, známé jako klik reakce. Dva další tetrazoly byly syntetizovány 
klik reakcí. Obě látky mají stejnou strukturu, kromě navázání selenu na tetrazol u první 
sloučeniny a síry u druhé sloučeniny. Připraveny byly další dvě sloučeniny obsahující 
SeCN skupinu a síru navázané na aromatickém cyklu. 
Tato práce je zaměřena na syntézu nových organických sloučenin obsahujících 
chalkogeny, konkrétně síru a selen. Vzhledem k přítomnosti chalkogenů se očekává, 
že látky budou vykazovat antioxidační, protirakovinné, antimykotické nebo 
antibakteriální účinky nebo jejich kombinaci. 
Dosud nepopsaný triazol byl syntetizován a následně charakterizován pomocí 
TLC, 1H-NMR, 13C-NMR a MS. Je vhodný pro budoucí testování biologické aktivity. 
Tetrazol obsahující selen byl připraven, ale konečný produkt je nestabilní a náchylný k 
rychlé degradaci. Při využití stejných reakčních podmínek se nepovedlo připravit tetrazol 
obsahující síru. Podařilo se syntetizovat dvě látky obsahující SeCN skupinu a síru 
navázané na aromatickém cyklu. Bohužel, tyto produkty byly během čištění částečně 
hydrolyzovány a nejsou proto vhodné pro další biologické testování. 
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An intensive research into chalcogens, especially of selenium, has been carried 
out at the Department of Bioorganic Chemistry at the Saarland University in Germany 
for several years now. 
Organic selenium, as well as selenium salts and elementary selenium 
are considered to be antioxidants, which have the ability to scavenge free radicals. These 
selenium compounds can be used in chemoprotection or chemotherapy, they can 
modulate intracellular redox homeostasis and possess inflammatory, antibacterial 
and antifungal effects.1 Nowadays the main focus is on selective cytotoxic properties 
of selenium compounds which allow them to selectively kill cancer cells or macrophages 
during inflammation and microbes during infections.2  
This work describes compounds, which contain selenium and sulfur or both. New 
compounds are prepared mostly by click reaction, which was introduced as a method 
for obtaining new chemical compounds. Primary, secondary, tertiary or aromatic azides 
and terminal alkynes can provide Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition 
of alkynes and azides to gain 1,2,3-triazoles. If the alkyne contains a CN group at the end, 
it is possible to obtain tetrazole via this reaction.  
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5. THE AIM OF THE WORK 
This Diploma Thesis concerns itself with the synthesis of new organic compounds 
containing chalcogens. These compounds are expected to have antibacterial, antifungal, 
antioxidant, chemoprotective, chemotherapeutic effects or a combination thereof. 
 
The main tasks were: 
 synthesis of new compounds containing sulfur and selenium or both; 
 characterization of new compounds by TLC, 1H-NMR, 13C-NMR and MS. 
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6. THEORETICAL PART 
12 
6.1  Selenium 
Selenium was discovered by Berzelius in 1817 as a sulfur oxidation residue 
on the wall of a lead chamber. It is a member of the group 16, known as the chalcogen 
group. Selenium had only been considered as a toxic element for a long time, especially 
after the discovery of selenosis (chronic selenium toxicity) by Marco Polo in horses 
in the Nan Shan and the Tien Shan mountains of Turkestan, a place with plenty 
of selenium in the soil. In the 1950s, however, vitamin E was replaced by selenium 
in experimental animals and the results showed no adverse effects. The revelation that 
selenium is an essential component of glutathione peroxidase in the early 1970s 
is considered a breakthrough for the expansion and development of organoselenium 
chemistry.3, 4 
Selenium occurs in biological systems as a part of various proteins and enzymes. 
The most famous ones are selenocysteine and selenomethionine.2 
Since selenium is an essential trace element in human body it needs to be present 
in the human diet. The dosage is crucial.1, 5, 6 Large amounts of selenium are toxic 
to humans, animals and aquatic life.4 The results of a Chinese study showed that dietary 
intake of 100-200 µg Se/d (selenium per day) inhibits genetic damage and prevents cancer 
in humans. A dose of 600 µg Se/d is the maximal safe intake.6 Mild adverse effects were 
reported in doses of 900-1600 µg Se/d while doses of 5000 µg Se/d caused brittle 
and fragile nails or hair loss.7 
In contrast, selenium deficiency can cause malnutrition, lack of mental alertness, 
impotence, Keshan disease (type of endemic cardiomyopathy) and Khasin-Beck disease 
(osteoarthritis) or cancer (thyroid, prostate, lung, colon, gastric).2, 7, 8 Chinese results 
indicate that 11 µg Se/d or less can cause these deficiency symptoms. 40 µg Se/d 
is the minimum requirement.7 
The current legislation of the Czech Republic9 states that 55 µg Se/d 
is the recommended dietary allowance and corresponds with those of the Food 
and Nutrition Board, whilst the tolerable upper limit of selenium intake is 400 µg Se/d.10 
 
Selenium compounds in plants: 
Inorganic selenate (SeO4
2-) and selenite (SeO3
-) ions from the soil are 
transformed to hydrogen selenide (H2Se), which reacts with O-acetylserine and forms 
13 
selenocysteine. This selenium amino acid creates organic selenium compounds such as 
selenomethionine (SEMET), methylselenocysteine (SEMCYS), dimethylselenide 
((CH3)2Se), selenoneine or trimethylselenium.
2, 7 
 
Selenium compounds in animals and humans: 
Organic selenium such as SEMET or inorganic selenium can be transformed 
to common intermediate hydrogen selenide. In contrast to plants, there are no known 
pathways for creating SEMET from inorganic selenium. 
The SEMET catabolism in animals and humans runs through two routes, the first 
is transamination and decarboxylation (figure 1). This way 90 % of SEMET 
is metabolised. The second route is transsulfuration through selenocystathione 
to selenocysteine, which is present in all eukaryotic selenoproteins. It even has its own 
triple code (UGA) and is considered to be the twenty-first genetically coded amino acid. 
Selenocysteine is thereafter converted to hydrogen selenide by the enzyme β-lyase.2, 7 
As is shown in the figure 1, SEMCYS can occur in the form of γ-glutamyl-
SEMCYS or SEMCYS. In garlic the predominant form is γ-glutamyl-SEMCYS. 
This particular form is hydrolysed in the intestinal tract to SEMCYS and then transformed 
to methylselenol by the enzyme β-lyase at the tissue level. Methylselenol is the active 
form against tumor formation. SEMCYS is directly converted to methylsenol by only one 
way. Therefore, SEMCYS is more effective in prevention of cancer than SEMET, which 




Figure 1: Schematic overview of selenium metabolism in animals and humans (adopted 
and modified from7). 
6.1.1 Organoselenium compounds as antioxidant agents 
Oxidative stress can be described as disturbance in the balance between 
the production of reactive oxygen species (ROS) or reactive nitrogen species (RNS) 
and antioxidants. Many diseases, such as atherosclerosis, diabetes mellitus, cancer, 
rheumatoid arthritis, cardiovascular diseases, chronic inflammation, stroke, are 
associated with oxidative stress.11 ROS and RNS cause cell death through oxidation 
of membranes, proteins and DNA.5, 12, 13 Antioxidants reduce those oxidative stressors. 
 Unfortunately, high amounts of antioxidants are necessary, which creates a barrier 
in the therapy development. However, antioxidant catalyst, e. g. glutathione peroxidase 
(GPx) can increase the effect of naturally occurring antioxidants. These compounds are 
located inside the cells during oxidative stress. Furthermore, they are not consumed 
15 
during the reaction and can be reused in the next reaction cycle. Consequently, it is not 
necessary to consume or produce them in high quantities.13 
The human enzyme glutathione peroxidase (GPx) prevents oxidative stress 
in biological systems. It is located in the cytosol and mitochondria and is composed 
of four identical subunits, each containing one selenium atom in the active site. 
GPx catalyzes the reduction of toxic hydrogen peroxide. The mechanism is shown 
in the figure 2. Hydrogen peroxides and organic peroxides are reduced 
to the corresponding alcohols using selenol. Selenol is oxidized to unstable selenenic 
acid, which immediately reacts with the reduced form of glutathione and creates 
a selenosulfide adduct and water. Reaction with the second glutathione forms an oxidized 
form of glutathione and recycles selenol.5, 13 
 
Figure 2: Catalytic mechanism of GPx. ESeH = selenol, ESeOH = selenenic acid, ESeSG 
= selenosulfide adduct (selenenyl sulfide), GSH = glutathione (reduced form), 
GSSG = glutathione (oxidized form), ROH = alcohol, ROOH = hydrogen peroxide or 
organic peroxide (adopted and modified from5). 
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Compounds that imitates GPx activity, even with broader substrate specificity, 
can be created by covalent incorporation of a selenium atom into an inorganic 
framework.13 
The first example of this synthetic antioxidant catalyst is ebselen 
(compound 1 = 2-phenyl-1,2-benzisoselenazol-3(2H)-one), that causes destruction 
of peroxides. In the figure 3 ebselen (compound 1) reacts with reduced form 
of glutathione to yield selenodisulfide (compound 2), which creates selenol (compound 3) 
with second equivalent of GSH. Compound 3 reacts with hydrogen peroxide to form 
water and ebselen seleninic acid (compound 4), which produces water and turns 



































Figure 3: Catalytic reduction of hydrogen peroxide by ebselen. GSH = glutathione 
(reduced form), GSSG = glutathione (disulfide form), H2O2 = hydrogen peroxide, 
SeSG = selenosulfide adduct (adopted and modified from5, 14). 
Chang et al. prepared cyclic derivatives of ebselen (compound 5a-5c) and acyclic 
derivatives of ebselen (compound 6a-6c). Both of them show activity against 
17 
the 1,1-diphenyl-2-pycryl-hydrazyl (DPPH) radical and peroxynitrite, even higher 





























































Diselenides with a nitrogen atom in proximity to selenium (compound 10, 11) 
show GPx-like activity as well. The amino group activates oxidative cleavage 














6.1.2 Organoselenium compounds as antitumor agents 
There are numerous hypotheses on how selenium compounds may reduce tumor 
formation. It is most likely caused by a combination of some of the following 
mechanisms: the increase of apoptosis, the raise in frequency of DNA repairs, 
anti-angiogenic activity and through selenoenzymes.7 
The above-mentioned ebselen (compound 1) causes apoptosis in human hepatoma 
cell line HepG2 and inhibits breast and colon cancer cell growth in humans.5 
Another organoselenium compounds which shows anti-tumor activity 
is p-methoxybenzeneselenol (compound 12).5 This compound inhibits azoxymethane 
(AOM), which induces fulminant hepatic failure in mice18 and benzo[a]pyrene, which 






p-xylylselenocyanate = p-XSC (compound 13) is active against AOM-induced rat 
colon, DMBA-induced rat mammary and NNK-induced mouse lung tumor models. 









SEMCYS (compound 14) showed some level of activity against mammary cancer 
and is currently being tested for anti-tumor activity in humans with prostate cancer.7 
It has been noted, that SEMET (compound 15) is less effective in the treatment of 
cancer. SEMET acts more as a co-treatment with the enzyme methioninase in the 
prevention of prostate cancer. Together, they increase levels of phosphorylated p53 















6.1.3 Organoselenium compounds as antifungal and antibacterial agents 
Ebselen (compound 1) is one of the most effective selenium compounds in this 
field. It has antiinflammatory, antiatherosclerotic, cytoprotective and antimicrobial 
activity against Staphylococcus aureus.5 
Compounds 16 and 17 show antibacterial activity against Staphylococcus aureus, 
Enterococcus faecalis, Pseudomonas aeruginosa, Escherichia coli, Candida albicans 






















Diaryl diselenide (compound 10) and its derivate (compound 19) provide activity 
against the growth of Saccharomyces cerevisiae. The latter compound also inhibits 














6.2  Sulfur 
Sulfur and selenium are both in the group of chalcogens. They have similar 
chemical and physical properties, such as valence-shell electronic configurations, atomic 
size, bond energies ionization potential or electron affinities.  
The main difference is their metabolic pathway in biological systems. Selenium 
is metabolized to reduced states and sulfur to more oxidized states. Another major 
difference is in the hydrides of these elements. H2Se is much more acidic than is H2S. 
The difference may be shown in the dissociation of the selenohydryl groups 
in selenocysteine and sulfhydryl groups in cysteine. Thiols are mainly protonated 
at physiological pH, whereas selenols are mainly dissociated at physiological pH. 
Due to these two main differences, selenium compounds are usually 600 times more 
active against cancer than their analogues containing sulfur.7, 24 
To introduce an example, SEMET (compound 15) shows a higher level 
of protection against peroxynitrite and is more effective than its sulfur 














Ebselen (compound 1) protect DNA from single-strand break formation more 
frequently than its sulfur counterpart (compound 21). Ebselen is also more active against 











6.3  Click chemistry 
Click chemistry was introduced by Prof. Barry Sharpless's group at the 217th 
American Chemical Society annual meeting in 1999.27 The idea behind this approach was 
quickly, reliably and easily develop new substances by joining small units together 
with heteroatomes (C-X-C).29 
Click chemistry was introduced as a group of chemical reactions, which should 
meet several criteria.29 
Such a chemical reaction must be quick, wide in scope, modular, stereospecific 
and provide a high yield. A high thermodynamic driving force (mostly 
greater than 20 kcal mol-1) turns the process faster and more selective. Reaction should 
produce minimum amounts of by-products, which are non-toxic, inoffensive and readily 
removed by non-chromatographic methods. The reaction must be simple to perform. 
Reaction conditions must be insensitive to oxygen and water, starting material 
and reagents have to be easily accessible. Product isolation and purification should be 
carried out by distillation or crystallization, without requiring chromatographic methods. 
Products have to be stable under physiological conditions. The most successful click 
reactions require water as the reaction medium. Reaction without water can be dangerous 
on a large scale since click reactions are highly exothermic and water is the best heat-sink 
for processing the enormous heat output. Another function of water is the prevention 
of interference with protic functional groups (alcohols, amides).28, 29, 30, 31 
Reactions will not damage biological and fragile structures in the body, because 
they are performed under mild conditions. Water in the human body provides good 
conditions for applications of click reactions.28 
 
6.3.1 Applications of click chemistry 
Click chemistry was introduced as an easier method for obtaining new chemical 
compounds. Nowadays, it has extensive applications, especially in polymer chemistry. 
It allows preparation of a wide range of functional polymers and complex 
macromolecules. 
Linear polymers have been synthesized by Cu(I)-catalyzed Huisgen 1,3-dipolar 
cycloaddition, connected with dendrimers, dendritic polymers or nanoparticles.28, 32 
23 
In bioconjugation 1,2,3-triazoles are used as linkers, because of their solubility 
in water and stability in biological conditions. These linkers are extremely rigid and do 
not allow two linked substances to aggregate or interact with each other.  
Click chemistry can be used in radiolabelling, where a radionuclide is attached to 
the drug. One example of this is the process of attaching 99mTc to organic molecules. It is 
usually achieved by creation of an organometallic complex which is then linked 
to a ligand already attached to the molecule. This ligand is usually histidine that must be 
synthesized in few steps and is not easily incorporated into the molecule of the drug. 
1,2,3-triazoles can replace histidine, because they have similar electronic properties 
to the imidazole in histidine and are synthesized in one step. Another use 
of bioconjugation can be in tagging the Escherichia coli or labeling DNA.28, 33 
 
6.3.2 Major classifications of click chemistry reactions 
 Figure 4 summarises the reactions which match the click chemistry criteria. 
 Cycloaddition of two unsaturated species, especially 1,3-dipolar cycloaddition 
and also the hetero-Diels-Alder reactions. 
 Nucleophilic ring-opening reactions of strained heterocyclic electrophiles such as 
epoxides, aziridines, cyclic sulfates, cyclic sulfamidates, aziridinium 
and episulfonium ions. 
 Carbonyl chemistry non-aldol type, where oxime ethers can be formed, 
hydrazones, amides, aromatic heterocycles, ureas or thioureas. Reaction 
with aldol are not classified as click reaction, because of their low thermodynamic 
driving forces, which cause long reaction times and significant amounts 
of by-products. 
 Additions to carbon-carbon multiple bond are primarily oxidation reactions, 
for example epoxidation, dihydroxylation, nitrosyl or sulfenyl halide addition, 































































Figure 4: Classifications of click chemistry reactions. Nuc = nucleophile (adopted 
and modified from30, 31). 
6.3.3 Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of alkyne and azide 
Primary, secondary, tertiary or aromatic azides and terminal alkynes can provide 
Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of alkynes and azides to gain 
1,2,3-triazoles (figure 5). It has become a premier example of click reaction, because it is 
highly reliable, azides with alkynes are easy to install and it is 107 times faster than 
uncatalyzed reaction. It can be performed in various solvents, over a wide range of pH 
(5-12) or temperature (0-160 °C). Purification of product is generally not required. 
This reaction does not require protective groups, because it is selective 



































Figure 5: 1,4-disubstituted 1,2,3-triazole. Huisgen click reaction catalysed by Cu(I) 
is selective for 1,4-disubstituted 1,2,3-triazole. The thermally induced Huisgen 
cycloaddition results in an approximately 1:1 mixture of 1,4 and 1,5-disubstituted 1,2,3-
triazole stereoisomers (adopted and modified from31). 
6.3.4 Mechanism of Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition 
It has been previously suggested that the reaction proceeds between mononuclear 
Cu(I) acetylide and an organic azide. Kinetic experiments, theoretical studies 
and computational investigation, however, indicated a participation of bis(copper) 
complex (figure 6). Both copper complexes could lead to the triazole under 
stoichiometric conditions, but kinetically favoured is the bis(copper) acetylide path. 
Cu(I) creates the Π,σ-bis(copper) acetylide complex with triple bond of alkyne. 






































































Figure 6: Proposed catalytic model for the Cu(I)-catalyzed azide-alkyne cycloaddition 
with two copper atoms. * = Π,σ-bis(copper) acetylide complex, 
** = 3,5-bis(metallated) triazole (adopted and modified from35). 
 
Cu(I) saturation is rare, but can occur when the Π,σ-bis(copper) acetylide complex 
is surrounded by terminal alkynes, which can chelate together and cause saturation. 
Consequently, for azide it is not possible to reach the complex. 
Alkyne homocoupling is caused by reaction of two alkynes, instead of reaction 
with azide. Small amines, pyridine or tetramethylethylenediamine (TMEDA) cause 
stabilization of intermediates of the homocoupling reaction and increase the yield 





A broad range of acetylene and azides can react with Cu(I) salts such as CuI, CuBr, 
Cu(CH3COO)2, [Cu(CH3CN)4]PF6 or [CuBr • SMe2]2. It is usually required to add 
acetonitrile as a co-solvent with one equivalent of nitrogen base such as triethylamine, 
2,6-lutidine, N,N-diisopropylethylamine (DIPEA) or pyridine for deprotonation.37 
Although, undesired by-products (primarily diacetylenes, bis-triazoles 
or 5-hydroxytriazoles) can sometimes be observed. Eventually, 2,6-lutidine and DIPEA 
together with an inert gas condition provide less by-products. They prevent the oxidation 
and formation of unreactive polynuclear Cu(I) aggregates.28, 32, 34, 37, 38, 39 
 
Reduced Cu(II) salts: 
The use of reduced Cu(II) salts is more reliable, simple, often more pure and less 
expensive than the direct use of Cu(I) salts. Cu(II) salts, such as CuSO4 • 5H2O are 
reduced in situ by sodium ascorbate, used in a 3- to 10-fold excess over the copper 
catalyst.35 Another reducing agent is hydrazine, which is used in the presence of limited 
amounts of air with decreased catalyst concentration.37 Tris(2-carboxyethyl)phosphine 
(TCEP) is also used in biological samples, because it prevents oxidative coupling 
of cysteine residues. TCEP should be applied in small amounts, because it binds to copper 
ions and can inhibit the reaction.28, 34, 38 
These types of reactions do not require inert gas conditions, because they are 
compatible with oxygen and water. Reactions proceed in between 6 to 36 h at the room 
temperature in various solvents including water without organic co-solvent.34, 38 
A disadvantage to using Cu(II) salts is the possibility of reduction of Cu(I) 
to Cu(0) or re-oxidation to Cu(II) by air. This can be solved by adding a copper stabilizing 
agent such as tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) 
or tris(benzyltriazolylmethyl)amine (TBTA), which acts as a tetradentate ligand 




Oxidizing copper metal with an amine salt: 
Cu(0) nanosized powder or clusters are oxidized to Cu(I) by amine salts (mostly 
amine hydrochloride). This method provides a good yield, but has several disadvantages. 
It is necessary to use larger amounts of copper, the reaction takes a long time and is more 
expensive. Cu(0) nanosize powder is seven times more expensive than other sources 
of copper. Cu(0) nanosize clusters are not commercially available. Furthermore, reactants 
with acidic groups in the structure can be destroyed, because the reaction requires 
a slightly acidic environment to dissolve the metal (approximately pH = 5). These 
disadvantages limit the application of this method in industry and research.28, 34, 37 
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7. EXPERIMENTAL PART 
Experimental procedures have been included into Attachment due to confidential reasons. 
 
8. RESULTS AND DISCUSSION 




This work describes the synthesis of five compounds containing selenium, sulfur, 
or both. For all compounds their synthesis, optimal conditions for preparation were 
defined and described. Compounds were characterised by TLC, 1H-NMR, 13C-NMR 
or MS. 
Compound 25 was unstable and prone to rapid degradation. Compound 27 
proceed under the same condition as the click reaction of compound 25. Unfortunately, 
the synthesis of compound 27 was not formed in these condition. 
Compounds 34, 40 and 41 were successfully synthesized, but compound 40 and 
41 became partially hydrolysed during purification. 
Testing for biological activity of compound 34 is going to be performed 
in the future in order to determine anticancer, antimicrobial, antifungal and antioxidant 
effects. Its synthesis was described for possible re-synthesis and its structure had been 
confirmed. 
Due to the content of impurities in the prepared compounds 25, 40, 41 the biological 
tests are postponed till compounds of better quality will be obtained. Less polar Al2O3 
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